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MODERN CONCEPTIONS CONCERNING 
: FOUNDATION ENGINEERING 


By Dr. CHARLES TERZAGHI* 


(Presented November 18, 1925) 


THE problems of foundations are as old as any with which the 
structural engineer has to deal. However, structural engineering became 
‘during the last one hundred years an elaborate and very intricate science, 
while in the vast field of earthwork engineering nothing has been pro- 
duced except a set of pile-driving formulae and an academic theory of 
earth pressure against retaining walls. Symbolically speaking, these 
theories fit into the frame of modern civil engineering as Trinity Church 
fits into Broadway. The structure is very venerable, but its founda- 

tions are just strong enough for supporting a one-story building. Hence, 
before erecting a more elaborate structure, one has to dig deeply below 
the old foundations and to provide a more substantial substructure. 

This has been done by careful study of all those physical factors 
which cause the difference between the soils the engineer has to deal 
with and the ideal material invented by the authors of our classical 
earth-pressure theories. These factors can be assembled in three 
groups: first, the forces acting at the points of contact between the soil 
grains; second, the strain effect produced in soils by external forces; 
and third, the effect of time on the development of strain. 

STRUCTURE OF SoILs. — All these physical factors are intimately 
connected with the structure of the soil. For this reason I prefer to 
start with a discussion of the structure. Up to this time most of the 
theoretical investigations have been confined to a study of cohesionless 
sands. The structure of sands ranges between two extreme limits, — the 


* Head of Department of Civil Engineering, Robert College, Constantinople; Special Lecturer on 
Foundation Engineering, Massachusetts Institute of Technology. 
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dense granular (Fig. 1 (a)), and the loose granular structure (Fig. 1 
(b)). For sands with uniform grain size the two types of structures 
correspond to a volume of voids of about 26 per cent (densest) and 47 
per cent (loosest structure). Structures corresponding to a volume of 
voids of more than about 47 per cent are unstable and apt to suffer 


(a) Dense granular (6) Loose granular 


Fic. 1.— Structure of cohesionless sands 


spontaneous changes associated with grain settlement. One of the most 
conspicuous properties of the sand resides in the fact that a sand with a 
loose structure cannot effectively be compacted except by processes 
involving violent jarring of the material. Static pressure uniformly 
applied all over the surface of the material has but little compacting 
effect. On the other hand, the most effective method of changing a 
dense structure into a loose one consists in sending through the material 
a strong upward current of water,—a process which takes place in 
practice if pumping water out of an open caisson. 

Many engineers believe that the density of a sand loosened by 
pumping resumes its original value after pumping has been stopped. 
For investigating whether such assumption is justified the following 
test was made: a flow of water was sent in an upward direction through 
a sample of sand with a dense structure, while gradually increasing 
the hydraulic gradient. The quantity of water percolating through 
the sample increased in direct proportion to the hydraulic gradient, 
indicating that the structure of the sand remained practically unchanged 
(Fig. 2). However, at a certain hydraulic gradient ranging between 
0.83 and 1.16, according to the density of the sample, the ratio . 


percolation 
hydraulic gradient 


suddenly went up; that means the structure of the sand became loose 
and remained so while the value of the hydraulic gradient further 
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increased. However, when gradually lowering the hydraulic gradient 
below the critical value mentioned, the ratio 


percolation 


hydraulic gradient 


practically remained unchanged, which indicates that the structure 
of the sand remained loose (Fig. 2, dotted line). This conclusion was 
confirmed by the following observation: A sample of sand with a volume 
of voids of 50 per cent was charged with a load of 700 pounds per square 
inch at lateral confinement. In spite of the great intensity of the pres- 


= ; —— 


Percolation 


|_. de 
0.5 1.0 1.5 
Hydraulic Gradient 


Fic. 2. — Effect of upward current of water on per- 
meability of cohesionless sand 


sure, causing 4.6 per cent of the grains to break, the volume of voids 
was merely reduced to 43.7 per cent, while by jarring and slight tamping 
the volume of voids of another sample of the same kind was reduced 
‘to 40 per cent. We say the structure of the sand is ‘‘conservative.”’ 
That means the sand tends to retain the original arrangement of its 
grains even under considerable pressure. 

STRUCTURE OF VERY FINE-GRAINED MATERIALS. — It was men- 
tioned that the structure of a sand is not stable unless its volume of 
voids is smaller than about 47 per cent. If at the points of contact 
‘between the individual grains no other force should act but the friction 
proportional to the pressure, no looser sediment could exist in Nature. 

‘However, experience shows that there are many deposits of mud and 
of silt of which the volume of voids considerably exceeds the limiting 
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value of about 50 per cent. This fact induced us to investigate the 
interaction between soil grains more in detail. 

According to the classical theory of earth pressure, the only force 
acting at the points of contact of the soil grains should be the frictional 
resistance, which in turn should be proportional to the pressure, regard- 
less of whether the soil is dry or immersed in water. At a pressure 
zero this force ought to be equal to zero (Fig. 3 (a)). However, this 
conclusion is only approximately true, because even if the pressure 
exerted by one surface on to another one is equal to zero, and if in addi- 
tion the grains are immersed as in Fig. 3 (d) (the surface tension of the 
water being completely excluded), the spheres of attraction of at least 


Fic. 3. — Interaction of soil particles 
(a) According to classical theory. 
(6) In contact with air, held to- 
gether by adsorbed water film. 
(c) Voids filled with water, the 
water stressed by surface tension. 
(d) Soil completely immersed, no 
stress in the void’s water. 


- two molecules overlap. As a consequence the two surfaces are chained 
together by at least one intermolecular bond (Fig. 3 (d)), which is, 
according to Chatley, for clay molecules, of the order one-millionth of a 
dyne, one dyne being equal to about one-thousandth of the force repre- 
sented by the weight of one gram. This force seems to be insignificant. 
However, if we consider the fact that the weight of a coarse silt par- 
ticle is not greater than the force represented by one intermolecular 
bond, the importance of the existence of this force becomes at once 
obvious. 

Suppose a mass of grains be shaken up with water, thus forming 
a suspension, and, after that, be allowed to settle under the impulse 
of the force of gravity. As long as a sinking particle is completely sur- 
rounded with water its movement is a translatory one, because it travels 
under the influence of a single force — the force of gravity — through 
a homogeneous material, — the water. However, the very moment 
the particle touches the surface of the layer of the sediment covering 
the bottom of the vessel two new forces come into play. These forces 


a 
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are the resistance of the ground against penetration (reaction) and the 
intermolecular bond acting at the point of contact between the sinking 
particle and the surface of the particle on whose surface it settles. If 
the particle has the size of a sand grain the intermolecular bond is 
negligibly small as compared with the weight of the grain. The weight 
and the reaction both acting on the grain form a couple (Fig. 4). Under 
the influence of this couple the particle starts to roll down the surface 
of the sediment until it comes to rest at the bottom of the depression 
located next to the point of first contact. The structure of the sediment 
thus formed will be of the type Fig. 1 (6) (loose granular structure). 
By thoroughly shaking the vessel which contains the sediment the 


Fic. 4. — Process of sedimentation 


structure passes from the state } into the state a (dense granular 
structure). 

On the other hand, if the particle is very small the intermolecular 
bond is strong enough to overcome the tendency of the grain to overturn 
(effect of the couple weight X lever arm). Hence the particle remains 
in the position where it was when it first struck the bottom. The same 
is true of each succeeding particle. The individual particles are kept 
together by the intermolecular bond, which acts just like a true cohesive 
bond, and the structure of the sediment becomes of the type Fig. 5 
(a) (honeycomb structure). The maximum volume of voids corre- 
sponding to this structure was found to be approximately equal to 80 
per cent. 

Let us finally assume the particles to be of colloidal size. Such 
particles remain in suspension forever unless they are precipitated by 
means of adding to the suspension a few drops of an electrolyte. In 
Nature the electrolyte is represented by the salts present in the water 
of the ocean or washed into the water of the rivers. Before the electrolyte 
was added the particles moved with considerable speed through the 
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liquid (Brownian movement) and repelled each other on account of 
their electric charge. The electrolyte neutralizes the electric charges 
without eliminating the physical cause of the Brownian movements, 
hence the particles collide in the liquid, and as soon as two particles 
- collide the intermolecular bond comes into action and the particles stick 
together. Thus flocks are formed, with a structure of the type Fig. 5 
(b). While the flocks sink down additional particles are picked up on 
their downward paths (flocculation or coagulation), and at the bottom 
of the vessel the flocks build up a sediment of the type Fig. 5 (a), with 
the only difference that there will be a flock in the place of each individual 
grain. The resulting structure has been called a “‘flocculent” structure 
(Fig. 5 (6)). As the maximum ratio between the volume of liquid and 
the volume of solid corresponding to a honeycomb structure of the type 
Fig. 5\(a) was found to. be approximately equal to 4 (volume of voids 


“DFU 


(6) Flocculent 


Fic. 5.— Structure of very fine-grained sediments 


of 80 per cent), the maximum ratio between the volume of liquid and 
the volume of solids of a sediment of the type Fig. 5 (b) ought to be 
approximately equal to 42=16, corresponding to a volume of voids of 
94 per cent. This conclusion was confirmed by experiment. 

Since the bond per point of contact is independent of grain size, 
while the number of bonds per unit of volume of the sediment increases 
with decreasing grain size, one ought to expect that the effect of the 
existence of the bond on the volume of voids should increase with de- 
creasing grain size. In order to verify this conclusion I performed sedi- 
mentation tests with powders of different fineness extracted from mixed- 
grained aggregates by wet mechanical analysis. The results of some 
of these tests are presented in Fig. 6. Each one of the four cylinders 
shown in the figure contained precisely the same quantity of powder. 
In each cylinder the upper line indicates the surface of the sediment 
after it was allowed to settle for a couple of days, and the lower line is 
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the surface of the sediment after violently jarring the sample. For 
coagulated sediments (not shown in the drawing) the ratio between the 
volume of soil and the liquid was found to range between 16 and 20, in 
fair agreement with the theory. 

If the powders are not immersed, but either wholly or partially 
in contact with air, the phenomenon is still more complex, because 


Grain size - millimeters 


0.1 - 0.02- 0.006- 0.002- 
0.02 0.006 0.002 0.0006 


Fic. 6.— Space occupied by unit 
of weight of quartz powders 
with different grain size. 

Upper lines: Surface of deposit 
after sedimentation in quiet 


water. Lower lines: Surface 
after shaking andj jarring the 
sample. 


the surface tension of the water becomes a factor of importance (Fig. 
3 (b) and (c)). Since the effect of surface tension has been quite recently 
described in a paper in ‘‘Engineering News-Record,’ it is sufficient to 
mention that the pressure produced by the surface tension of the capillary 
water ranks among the most gigantic forces the engineer has to deal 
with. 

STRAIN Errect. — A study of the strain effect produced by external 
forces in soils has led to the result that the relations between stress and 
strain in soils are almost as simple as they are for solid granular bodies. 
The only difference which was found to exist is this: for solids the 
modulus of elasticity and the resistance against shear is a constant, 
merely depending on the nature of the material. For powders both 
modulus of elasticity and resistance against shear increase in direct 
proportion with the intensity of the internal pressure. 


* “Engineering News-Record,” November 5, 1925, p. 742. 
+ ‘‘Engineering News-Record,” November 12, 1925, p. 796. 
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If c denotes a constant depending on the character of the soil, and 
p the internal pressure, the modulus of elasticity £ of the soil was found 


to be equal to 
E=cp. 


This simple fact covers the vast field of stress-strain relations in 
soils, provided the voids of the soil are filled with air. 

Time Errect. — However, if the-voids are filled with water we 
are obliged to consider a factor absent both in the mechanics of soils 
and of dry powders. Suppose the strain effect consists in compression. 
Compression means a decrease in volume. Both water and grains are 
practically incompressible, hence the compression involves a flow of 
water through the voids from the interior of the sediment towards the 
surface. No flow of water through porous bodies is possible without 
a hydraulic gradient. Hence the external pressure produces first a hy-— 
draulic excess pressure in the voids’ water, and the speed with which 
the strain effect takes place is determined by the speed with which the 
water can escape towards the free surface. In coarse-grained powders 
the resistance against flow is very small, and as a consequence the strain 
effect produced by external forces occurs almost as rapidly as it does in 
solids. However, the smaller the grains the greater is the resistance the 
percolating water has to overcome, and for colloidal soils this resistance 
produces a lag of compression of months or of years, depending on the 
_ degree of permeability and the thickness of the deposit. A theoretical 

_ study of this.:phenomenon has furnished the following result: let — 


k be the coefficient of permeability of the soil 
a change in water content per unit of volume at a change in pressure equal to 
unity 


z the vertical distance of a point (P) from the surface on which the external pressure 


acts 
OW 


7, the hydraulic gradient at that point, and 


ow 
“jy the change of the hydrostatic pressure with the time at the same point. 


The relation which exists between the time and the hydrostatic 
excess pressure w, acting in the capillary water at the point P located 


in a depth z below the surface, was found to be determined by the 
equation — 


x 
| 
) 


k dow cw 
a 
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This result is very surprising inasmuch as the equation passes into 
the fundamental equation of the theory of linear non-stationary flow 
of heat through homogeneous bodies provided we replace: 


k (the coefficient of permeability of the clay) by the coefficient of heat conductivity 

a (the decrease in water-content produced by adding one unit to the pressure) 
by the specific heat (increase in heat content produced by adding one unit 
to the temperature) 


ow 

ae (the hydraulic gradient) by the temperature gradient 

ow : : : 

hh (the time-change of hydrostatic pressure) by the time-change of temperature 


the meaning of the other letters remaining unchanged. This fact was 
called the thermodynamic analogy. 

The meaning of the thermedynamic analogy can be explained as 
follows: Suppose a layer of clay with a thickness h, covered with a filter 


Fic. 7. — Consolidation of laterally 
confined clay produced by uni- 
form pressure, applied on_ its 
surface 


uniformly loaded with ~, per unit of area, rests on an impermeable 
bottom (Fig. 7). If we suppose in addition that the weight of the layer 
be negligible as compared with the pressure 9, and that the pressure 
p>) had acted during a long period of time, we are entitled to assume 
that the water content of the clay is uniform throughout. We want to 
find out the compression of the clay produced by raising the pressure 
from p) to py+ph;,, and the lag of compression due to the low degree of 
permeability of the clay. 
Since the compression produced by an increasing pressure equal 
to unity was called a, the total compression produced by the rise in 
_ pressure from fp to Pot Pf; is evidently equal to ahp,. 
. However, since the compression involves a flow of water through 
the voids of the clay towards the surface, the pressure p; produces 
first an hydrostatic excess pressure in the voids’ water; that means, a 
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difference between the water pressure at the surface and the water pres- 
sure in the interior, which pressure difference in turn causes the water 
to flow from the interior to the surface. Due to its proximity to the 
free surface the upper part of the layer of clay consolidates first, and 
the consolidation gradually proceeds from the surface towards the 
bottom. Simultaneously the hydraulic gradient gradually decreases 
and finally becomes equal to zero. This process lasts the longer, the 
less permeable the clay is. The abscissee of the curve ab represent the 
pressure which acts at a time #, after the pressure p,; was applied, and 
the difference w=p,—p gives the hydrostatic excess pressure acting 
simultaneously in the voids’ water of the clay at the same point where 
p was measured. 

The thermodynamic analogy of this process is as follows: A layer 
of homogeneous material completely isolated against heat radiation 
except on its upper surface is supposed to have a uniform temperature. 
The increase in pressure corresponds to a sudden drop in temperature 
of the space located above the layer. Due to the difference in tempera- 
ture the ‘heat flows from the interior of the layer towards the surface. 
Since the top layers obviously cool out first, the cooling process proceeds * 
from the surface towards the isolated bottom. Suppose the numerical 
values of k and a for the clay are equal to the numerical values of the 
coefficient of heat conductivity and of the specific heat for the hot body, 
and that in addition we choose the scale for the abscissa in Fig. 7 such 
that the increase in pressure represents the drop in temperature of the 
-space located above the hot plate also. Under these conditions and 
basing on the thermodynamic analogy, we can make the following state- 
ment: the curve which represents the pressure acting in Various depths 
of the layer of clay, for any definite time ¢, (Fig. 7, curve ab) after the 
pressure p, was applied, represents the curve of temperature distribu- 
tion in the cooling plate for the time ¢, also. That means the abscissze 
of the curve ad represent not only the difference between the pressure 
acting in the clay at a time ¢, and the original pressure ), but they also 
determine the difference between the original temperature of the hot 
plate and the actual temperature for the same time ,. 

The thermodynamic analogy gives full information on all time- 
settlement phenomena apt to occur in connection with foundations 
on clay. Up to this time theoretical investigations dealt almost ex- 
clusively with cohesionless materials, and the clays were considered as 
almost unfit for theoretical treatment. With the new information at 
our disposal it was found that it is far easier to theoretically analyze 


the behavior of homogeneous clay under load than to investigate the 
analogous behavior of cohesionless sands. 
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CONSOLIDATION OF Mup Deposits. — One of the most interesting 
applications of the thermodynamic analogy to soil phenomena concerns 
the gradual consolidation of silt and mud deposits under the influence 
of no other than their own weight. Suppose a mud deposit has been 
formed by sedimentation at the mouth of a river or artificially by dump- 
ing material excavated by hydraulic dredges. The deposit settles under 
the influence of its own weight. How long willit last until equilibrium 
is reached, that means, until the settlement of the deposits will cease? 
From the differential equation of the time effect we learn that the speed 
of the process depends on the coefficient of permeability k and on the 


Pressure (kg. per sq.om. ) 
1 2 3 4 


5 


Reduced height - meters 


Time - Years Time - Years 
(a) Sandy mud (b) Mud rich in colloids 


Fic. 8. — Consolidation of mud-deposit under the influence of its own weight. 
The deposit is supposed to be located under water 


compressibility a of the material. The thermodynamic analogy of 
the drainage process consists in the cooling out of a plate whose original 
temperature increased from the surface towards its bottom. The differ- 
ence in temperature between the surface and the bottom gradually 
decreases and finally becomes equal to zero. The settlement corresponds 
to the shrinkage caused by cooling. Fig. 8 (a) and (b) show the suc- 
cessive stages of the consolidation process for two different materials, 

a sandy mud and a very colloidal mud. The abscisse of the dotted lines 
give the total pressure due to overburden for different depths below 
the surface. The full drawn lines divide the abscisse of the dotted ones 
into two parts of which the right one indicates the hydrostatic excess 


408 BOSTON SOCIETY OF CIVIL ENGINEERS 


pressure acting in the void’s water at a definite time, and the left one 
the pressure acting in the solid part of the deposit at the same time. 
The figure shows how slowly the hydrostatic excess pressure acting in 
the void’s water decreases. Since the internal friction — that means, the 
shearing strength of the mud — is equal to the product of the co-efficient 
of internal friction and the pressure acting in the solid part of the mud- 
water mixture, the deposit behaves in an early stage of consolidation 
almost like a very viscous liquid. 

Fig. 9 shows the pressure distribution in a delta deposit advancing 
‘towards the ocean at a rate of 3 feet a year, the top layer drying out by 
evaporation. In the lower part of the deposit located below the coast 
line, the capillary water stands under a positive hydrostatic excess 
pressure. Due to this excess pressure the friction acting within the 


ae MANY, 
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Fic. 9. — Hydrostatic pressures acting in the void’s 
water of a clayey delta-deposit. The top layer be- 
came partially consolidated by evaporation, while 
the lower parts of the deposit are still soft 


deposit is small, and the material is apt to break out towards the water © 
front. Such submarine landslides are familiar to the geologist, and 
as far as their physical causes are concerned they are identical with the 
failure of hydraulic-fill dams with cores rich in clay. On the other hand, 
the top layer of the deposit is thoroughly compacted by the capillary 
pressure produced by evaporation and the void's water is in the state 
of tension (negative hydrostatic pressure). According to the laws of 
hydrodynamics the water drains from the region of positive hydrostatic 
pressure towards the zone of negative pressure, but, due to the low 
degree of permeability of the material, the drainage process may last 
several thousand years. In a similar way, the peripherical part of the 
core of a hydraulic fill dam, consisting of clayey material, may par- 
tially consolidate by evaporation, while the core remains soft. If one 
digs through the top layer of a deposit of the type Fig. 9, a canal, the 
bottom of the canal would furnish some water, while the slopes, located 
within the top layer, would absorb water and swell. 
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The graph Fig. 9 was obtained by theory, based on the physical 
constants which have been determined for muds from the water front 
of Constantinople. At the time the graph was plotted no empirical 
data concerning the actual pressure distribution in mud deposits were 
available. However, half a year later, when engaged in preliminary 
work for the foundation of a factory on one of the mud deposits of the 
Golden Horn, I had an opportunity for checking the theory against 
actual conditions. The results of this investigation are shown in Fig. 
10. The lower part of the deposit represented on the drawing is of pre- 
historic age. The mud above it was known to be about one hundred 
years old. The abscisse of the dotted lines represent the consistency 
the mud would have in the state of hydrostatic equilibrium. The data 
required for plotting these lines were obtained by testing the mud 
samples in the laboratory. The surface of the mud deposit is covered 


= Curves Showing 
fj Cube-Strength of Mad 
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Scale of Profile 0 100 feet 

Roman Numerals Indicate Drill-Holes 
Frc. 10. — Cross-section through a mud-deposit at the coast of the 
Golden Horn, Constantinople. The width of the shaded areas 
indicates the consistency of the muds at different depths below 


surface 


with a thin layer of recent, artificial fill. The shaded areas represent 
the actual consistency of the mud as measured by the cube strength 
of samples. From comparing the two sets of lines one learns that more 
than three-quarters of the dead weight of the mud is still compensated 
by hydrostatic excess pressures. As a consequence the settlement of 
the ground will continue for several hundred years, under the influence 
of no other than its own weight. According to the thermodynamic 
analogy this phenomenon corresponds to the fact that the shrinkage 
due to cooling of a hot plate continues as long as the temperature of 
any one of its parts is higher than the temperature of the space above it. 
Since settlements of this kind cannot possibly be stopped, property had 
to be abandoned and another site for the factory was selected. 
BEARING CAPACITY AND LoapinG Tests. — Before I was invited 
to take charge of this piece of work the operations had been conducted 
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by another engineer. This gentleman made loading tests on the ground 
and several loading tests on piles. As the results of the tests were con- 
sidered to be fairly satisfactory, $15,000 worth of piles were driven into 
the ground. I myself was not consulted by the owners until a self- 
made but experienced architect called their attention to the fact that 
the enterprise seemed to be somewhat risky. This incident leads us to 
inquire which conclusions can be drawn from the results of loading 
tests. Ingenious devices have been proposed and employed for making 
such tests, but the textbooks are remarkably reticent concerning the 
use we can make of the results. 

Theory made it possible to predict with a fair degree of accuracy 
the distribution of the pressures in the ground below a foundation. 


Load q per unit of surface 


Fic. 11. — Distribution of vertical soil-pressures 
below the center of a circular area, charged 
with a load g per unit of area ' 


In Fig. 11 the full drawn line gives the theoretical pressure distribution 
for the underground of a circular foundation with a diameter 2b, and the 
dotted line, the pressure distribution as determined by independent ex- 
periments carried on by the Pennsylvania State College. However, far 
more important are the results furnished by theory concerning the settle- 
ments. Suppose a loading test has been executed on an area of 2.2 
square feet, and the settlements produced by a load of 1 ton per square 
foot were found .to amount to one-quarter of an inch. How big would 
be the settlement of a building supported by a raft foundation 30 feet 
wide, exerting on the ground the same pressure per square foot? ~The in- 
formation obtained by theory for the interpretation of the results of load- 
ing tests performed on homogeneous ground (clay with a uniform consist- 
ency or sand with a fairly uniform density) are represented by the graph 
Fig. 12. According to this graph the settlement of the raft foundation 
may be anything between the limiting values of three-eighths of an 
inch and about 5 inches, depending on the character of the soil material. 
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The shape of the upper curve (very cohesive material) has been checked 
by the results of independent experiments made by Goldbeck and others. 
The lower curve corresponds to the settlement of loads supported by 
perfectly cohesionless material, and its trend is known approximately 
only. At Massachusetts Institute of Technology we plan some experi- 
ments for investigating the character of this lower limiting curve more 
in detail. The graph explains the appalling contradictions which exist 
between the experts’ opinions concerning the conclusions one is allowed 
to draw from the results of loading tests. These opinions obviously 
depend on the character of the underground of the localities where the 
experts have made their observations, and no general understanding 
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Fic. 12.—- Relation between diameter of loaded 
area and the settlement produced by a load 
of 1 ton per square foot. Upper curve for 
homogeneous, plastic clay; lower curve for 
cohesionless sand 


can possibly be reached until the theoretical principles on which the 
graph Fig. 12 is based become self-evident to everybody engaged in 
foundation work. ' 

On account of the important influence of unequal settlement on 
the stresses in statically indeterminate structures, the forecast of the 
‘settlements is one of the most important problems we have to deal with. 
No such forecast can possibly be made unless we are in a position to 
plot, for any individual case we have to deal with, a graph which approxi- 
‘mately represents the relation between the diameter of the loaded area 
‘and the amount of settlement. I do not think we will ever be able to 
plot such a curve unless we explore the character of the ground not only 
by loading test but by driving a test pile also. Such tests cost money, 
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and the question arises whether the expenditure involved would be 
justified or not. 

In cities with a fairly solid underground consisting of dense sands 
or gravels where settlements amount to not more than half an inch, 
the money invested in elaborate tests would duly be considered an un- 
warranted expenditure. Empirical rules derived from previous expe- 
rience are fully sufficient. However, there are localities where settle- 
ments from a couple of inches up to one foot are inevitable, and in such 
localities the situation is altogether different. As examples I want to 
mention Constantinople in Turkey, and Triest in Italy. Due to the 
inability of the engineers to estimate the settlements in advance, the 
building laws of such cities are almost a farce. Officially every building 
has a factor of safety of 4, but the secondary stresses due to unequal 
settlement are passed over in silence. If the beams and girders of these 
buildings could speak and tell about the stresses they have to sustain 
we would experience startling revelations. We would realize that the 
factor of safety of the superstructures ranges anywhere between unity 
and 4 according to the type of building and the locality. In Constan- 
tinople I had ample opportunity to get familiar with safety conditions 
as affected by excessive compressibility of the underground. It is 
almost incredible that such conditions can exist in the enlightened 
twentieth century, not only in Constantinople but in many other cities. 
Our uncertainty concerning the amount of unequal settlement upsets 
for certain districts all our principles concerning the safety of structures, 
‘and construction work has under such conditions far more the character 
of a gamble than the overground construction work has had in the 
Middle Ages before the principles of applied mechanics were estab- 
lished. In the whole field of civil engineering there are hardly any 
efforts as urgently needed as the efforts for predicting the amounts of 
settlement, and positive achievements in this line would be apt to lead 
_ toa fundamental modification of our inadequate building laws. 

PILE FouNDATIONS. — However, for the time being, whenever 
the quality of the ground seems to be deficient, we simply prescribe the 
universal remedy of the foundation expert, — the driving of piles. This 
remark leads us into one of the queerest quarters of the queer field of 
foundation engineering. For more than a century desperate efforts 
have been displayed to derive a pile-driving formula — that means a 
formula for computing the bearing capacity of piles from the penetration 
produced by the blow of the hammer. Judging from the intensity of 
these mental efforts one could believe that such a formula represents 
the Philosopher’s Stone. In Constantinople, where pile driving is quite 
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a popular sport, I had an opportunity to make some interesting obser- 
vations. The results of one of these observations are shown in Fig. 
13 (a). This figure represents a friction pile driven into soft plastic 
mud with a fairly uniform consistency. By loading and pulling tests 
it has been found that the frictional resistance per unit of length of such 
a pile is almost constant for the whole length of the pile, and that the 
bearing capacity of the pile is but very little greater than the resistance 
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‘Fic. 13. — Pile driving resistance ((a), (b) and (c)) and the effect of the ratio 
between width of foundation and length of piles on the pressure distribu- 


tion ((d) and (e)) 


of the pile against pulling. Hence the curve which represents the rela- 
tion between the bearing capacity and the depth of penetration Bake 
be approximately a triangle, as shown in Fig. 13 (0). However, i; en 
computing the bearing capacity for various depths of senile ste 
the rate of penetration by means of any one of the pile-driving na . 
J invariably obtained curves of the type Fig. 13..(c): Several hun 
piles were driven into the mud deposit, and the penetrations produce 

by the blows were observed, but the discrepancies between the two 
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curves of bearing capacity was always as conspicuous as the one shown 
in the figure. Analysis of this fact and of other experiences of a similar 
kind has led to the following conclusion: We have to distinguish between 
dynamic pile-driving resistance — that means the resistance of the soil 
against rapid penetration of the pile — and the bearing capacity — that 
means the resistance against the penetration of the pile under static 
load. For piles driven into colloidal soils the two resistances have, as 
far as their physical causes are concerned, nothing in common, because 
the dynamic pile-driving resistance was found to act at the lower end. 
of the pile and to be caused by the resistance against rapidly displacing 
the mud and the water, while the bearing capacity is almost exclusively 
due to the friction acting between the lower end of the pile and the sur- 
face of the ground, the resistance acting at the lower end being practi- 
cally negligible. On the other hand, for certain granular soils the two 
resistances were found to be almost identical, both physically and nu- 
merically. Therefore no pile-driving formula of universal validity can 
possibly be obtained. This result is not surprising. Far more surprising 
are the strenuous efforts made to solve the insoluble problem, since an 
expenditure of $200 for a loading test is sufficient to get an accurate 
individual solution of a problem whenever needed. 

Unfortunately the problem of determining the bearing capacity of 
individual piles is of secondary importance as compared with the more 
complex problem of predicting the behavior of pile foundations on fric- 
_ tion piles as a whole. The minds of the experts were so thoroughly 

occupied with the study of the behavior of the individual piles that the 
really essential part of the problem has received but little attention. 

At equal factor of safety for the individual piles the behavior of a pile 
foundation on friction piles depends on two factors, — the nature of 
the ground and the ratio between the length of the piles and the width 
of the foundation. The nature of the ground determines in addition the 
functions the piles have to perform. Regarding the problem in ques- 
tion, the most important distinguishing features between the different 
kinds of pile-driving grounds were found to reside in the degree of 
compressibility, of permeability and of consistency of these grounds. 
According to this, and for briefly describing the characteristics of pile 
foundations, we may divide the soils into four different groups: 

First: Permeable and Very Compressible Soils. — For such soils the 
chief purpose of the piles consists in compressing the ground, that 
means in reducing its volume of voids. The bearing capacity of the 
individual piles is a factor of minor importance. The piles serve their 
purpose the better the more violently the pile-driving process acts on 
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the soil and the more soil the piles displace. In loose cohesionless soils 
conical piles driven with a steam hammer seem to have the best effect. 
In loamy fills unfit for being compacted by vibrating action, the piles - 
of the Compressol system can be used to advantage. 

Second: Permeable, Unequally Compressible Ground. — Foundations 
of this type represent the ideal field for using conical piles of modest 
length, the function of the piles consisting in equalizing the unequal 
resistance of the upper strata. In Austria an engineer has devised a 
method for obtaining for each pile a penetration graph similar to the 
records furnished by. seismographs. These graphs give full information 
concerning the variations in the resistance of the underground, and . 
the distance between the piles is calculated accordingly. By using 
this method in connection with pile foundations on short, very conical 
piles, perfectly uniform settlement has been obtained for buildings 
constructed on soils with very unequal resistance. 

Third: Clay and Mud Deposits in a State of Hydrostatic Equilibrium. 
— The hydrostatic equilibrium involves increase of the consistency with 
the depth, and the main function of the piles consists in transferring 
the pressure from the softer upper strata to more resistant lower ones. 

Fourth: Clay and Mud Deposits of Uniform Consistency. — This class 
of soils includes a great number of deposits located at the water front 
of the ocean and of lakes. Since foundations on deposits of this kind 


are very common in harbors and harbor districts, some remarks con- 


cerning the effect of piles.on the bearing capacity of such deposits may 
be justified. The information furnished by theory about the distribu- 
tion of stresses underneath foundations supported by clay soils of uni- 
form consistency are represented in Fig. 13 (d) and (e). In each one 
of these figures the left-hand section shows the stress distribution under- 
neath a foundation without piles, and the right-hand section the effect 
of 20 feet piles on the stress distribution. If the length of the piles is 
at least equal to the width of the base, the effect of the piles is obviously 


very beneficial (Fig. 13 (d)). The piles reduce the intensity of the 


maximum pressure acting on the ground, and in addition they shift 
the zone of maximum stress from the surface down to the level where 


‘the lower ends of the piles are located. Up to this time very little is 


known concerning the effect on the bearing capacity of the depth below 
the surface at which the pressure acts, but it is believed this effect may 
be quite an important one. Some experimental investigations concern- 
ing this effect are planned, and will be started shortly. On the other 
hand, if the width of the foundation is considerably greater than the 
length of the piles (Fig. 13 (e)), the effect of the piles is practically nil 
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and the money invested in the piles represents an unwarranted expendi- 
ture. Some years ago a company intended to construct a powerhouse 
with a raft foundation supported by 500 reinforced concrete piles 25 
feet long. I advised the company to sell the piles and to construct a 
simple raft foundation. However, since some of the piles were driven 
already, it was decided to drive all of them. Fig. 14 (a) shows the settle- 
ments of the corners of the new building supported by piles, and Fig. 
14 (b) the simultaneous settlements of the corners of an adjoining building 


Settlement of Building 


With Without 
Piles Piles 
1922 
A 
: Fic. 14.— Settlement of the corners 
of two adjoining buildings, the 
building (a) supported by a pile 
foundation and (6) by a simple 
? raft foundation without piles 
Ez 


(a) 
VII 


supported by simple raft foundation and exerting on the ground the 
same pressure per unit of area as the building Fig. 14 (a). 

Some time later I had to establish a structure with a narrow base 
on the same ground, and I proposed pile foundation. The piles were 
loaded with about one-third of their ultimate bearing capacity, and 
the settlement of the structure was so small that it could hardly be 
measured. The cause of the difference in behavior of the two types of 
structures may be learned by comparing Fig. 13 (d) and (e). 

Foundations of Weirs on Permeable Ground. — This problem is one 
of the most difficult the foundation engineer has to deal with, because 
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it represents a problem of bearing capacity complicated by the hydro- 
dynamic pressure exerted by the seepage water. The only way of solving 
a problem of this kind consists in starting from the simplest assumptions 
and in analyzing step by step all the factors involved. Fig. 15 (a) 
shows the cross-section through a single row of sheet piles, and Fig. 15 
(c) the cross-section through a simple flat base dam. The water stored 
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Fic. 15.— Lines of flow of seepage water through the permeable under- 
ground of weirs, compared with the lines of flow of heat from sources of 
heat toward localities of heat absorbtion 


‘up behind these structures percolates through the ground and escapes 
at the downstream toe. The differential equation of any such flow is 


Oy) O26 


6x? oy? 


where ¢ denotes the hydrostatic pressure. If we replace ¢ by tempera- 
ture, we obtain the differential equation for the stationary flow of heat 
through homogeneous bodies. We say the lines of flow and the lines of 
equal hydrostatic pressure represent an isothermal system. The isother- 
mal system representing the flow of the seepage water underneath a row 
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of sheet piles is geometrically identical with one section of the isothermal | 
system produced by a series of sources of heat alternating with localities 
of heat absorption (Fig. 15 (b)). Fig. 15 (d) represents a similar thermo- 
dynamic analogy for the percolation underneath the base of a flat base 
weir. The geometry of the isothermal systems was established as early 
as 1859 by Riemann. Some forty years ago Philipp Forchheimer intro- 
duced the theory of isothermal systems into the field of theoretical 
hydraulics. In 1918 the same scientist succeeded in deriving the equa- 
tions of the lines of flow shown in Fig. 15 (a) and (c), by using the thermo- 
dynamic analogy mentioned, and in addition he derived formule for 
calculating the seepage losses. Thus the geometric and the hydraulic 
part of the problem was solved. It remained to analyze the stresses 
produced by the percolating water and to determine their effect on the 
equilibrium of the underground. This problem formed part of my own 
investigations. 
When flowing under head through permeable ground the water exerts 
on the soil a pressure. In every point of the underground the pressure 
acts in the direction of the flow, and its intensity is directly proportional | 
to the local hydraulic gradient. Since both the direction of the flow and 
the hydraulic gradient are determined by the isothermal system, which 
is known, it was possible to compute the pressure effect produced by 
the water. Fig. 16 graphically shows this effect for a flat base dam and 
for different depths of impounded water. The intensity of the vertical 
component of the forces acting per unit.of volume of soil is expressed 
by the degree of darkness of the colored areas, and the intensity of the 
horizontal component of the same forces by the difference in spacing 
of the horizontal shading lines. The graph discloses the following facts: 
within the area left blank the hydrodynamic upward force is greater 
than the weight of the soil, hence the soil included within these areas _ 
virtually turns into quicksand offering no lateral resistance. Against | 
this unstable body of soil presses another body of soil acted upon by | 
horizontal forces. As a consequence the equilibrium of the soil breaks — 
down, the soil located underneath the base of the weir rushing down- | 
stream in a horizontal direction. If increasing the width of the base 
of the weir, the size of the quicksand body decreases but the quicksand 
condition continues to exist. By providing the weir with an imper- 
meable apron a similar effect is produced. If loading the danger zone 
with broken stone, the soil is washed through the voids of the fill and 
the danger continues to exist. The only efficient remedy is this: to 
keep the soil in the danger zone down, by means of a graded filter. The | 
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filter safeguards the free escape of the seepage water, and at the same 
time it prevents the soil particles from drifting away. 

In order to check both the theory and the conclusions, a series of 
tests was made. The results are presented in Fig. 17. The shaded 
triangles represent the cross-section of bodies of water equal in weight 
to the difference between the hydrodynamic upward pressure and the 
weight of the soil at the moment when the blowout occurred (computed 
by theory). The rectangles superimposed over the shaded triangles © 
show the cross-section of bodies of water equal in weight to the weight 
of the filters applied above the danger zone. The figures show that the 
filter weight required for preventing the blowout to occur below a certain 
critical head of impounded water is somewhat smaller than the upward 
pressure, theoretically computed for the same critical head. If com- 
paring the diagrams (c) and (d) (Fig. 16) one learns that extending the 
filter beyond the limit of the danger zone has practically no effect on the 
critical head. This result in turn indicates that the value furnished by 
theory for the width of the danger zone is fairly accurate. 

The theory of the piping effect furnishes one of many instructive 
examples for what theory can achieve in the field of earthwork engineer- 
ing.. The traditional methods of designing foundations of weirs on 
permeable ground are as crude and uneconomical as are attempts to 
increase the bearing capacity of steel bridges without knowing in which 
members the maximum stresses are apt to occur. Using theory as a 
basis, we can confine our reinforcements to those parts of a structure 

_where the danger exists. 

Some years ago a weir of the Ambursen type near Pittsfield, Mass., 
failed due to piping. Basing my computation on the scarce data pub- 
lished concerning this accident, I estimated that the critical head 
must have been somewhere between 31 and 46 feet. The failure occurred 
at a head of 34 feet. At an expenditure of about $20 per linear foot 
the factor of safety for the structure could have been increased from 
IUD tors, 

Fig. 18 shows a photograph of the first weir designed by means of 
the theory of the piping effect. It has been built across the river Mur 
in the Alps. Due to the torrential character of this river most of the 
foundations located within its bed have been established on bed rock 
by means of compressed air. By using ordinary sheet pile foundation 
combined with a filter device, the costs of foundation of the new weir 
have been comparatively very low. Construction work was completed 
this spring. A few weeks later a catastrophal high water came down 
the river. A weir located several miles upstream failed, due to piping 
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effect. The new weir subsisted in spite of the gloomy prophesies issued 
from the quarter of the compressed air contractors, who for obvious 
reasons do not like the theory of the piping effect. 
Gentlemen, at the outset of my lecture I compared the classical 
earth-pressure theories with Trinity Church. The urgent need for a 
more substantial building is unquestionable. What I have done has 
been to undercut the old foundations and to brace them against more 
resistant substrata. In so doing I was alone, with limited funds and 
without assistance. This fact may account for the rudimentary charac- 


Fic. 18. — Weir with filter foundation across the River Mur, Austria 


ter of what I could present. The results are promising, but the major 
part of the work remains to be done. Hence I wish to conclude my 
lecture with a few remarks concerning what should be done next for 
developing the young science. 

For advancing a special branch of physics or chemistry, it is sufficient | 
to provide funds, fellowships and to establish new laboratories: There | 
are ample men who can do the work, because training in physics has 
been standardized. However, in soil mechanics the situation is far more 
complex. For producing valuable results in this field of applied science 
a man must be at home in at least five or six different sciences, some of 
them far remote from the field of civil engineering, and in addition he 
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must have a broad, practical experience or else he cannot discriminate 
between what is essential and what non-essential. The men who nowa- 
days fulfill these requirements are exceedingly scarce, because their 
expertness has not been produced by systematic training but by patient 
self-education, guided by instinct rather than by a defined program. 
Without such men nothing worth while can be accomplished. We 
learned this fact from the cumulative results of related efforts made 
during the last ten years. Ten years ago we were more optimistic con- 
cerning this point. Furthermore, in physics or chemistry objectionable 
results if published do not harm, because they are pretty soon disproved. 
In earthwork engineering such publications are utterly detrimental, 
because very few engineers are equipped with the knowledge required 
for competent criticism. 

Hence, what we need more than anything else are measures of an 
educational character. Young men who desire to engage in under- 
ground engineering should get the proper guidance and an opportunity 
to acquire all the knowledge required for competent work in their future 
field. Competent work in this field requires among others far more 
thorough training in applied geology, physics and physical chemistry 
than the structural engineer needs. The students who get this training 
would represent a generation of engineers better fit for shedding light 
over the obscure field of earthwork engineering than is ours. An i- 
dividual may furnish the ideas, but the bulk of the work must be done 
by a properly educated generation. For this reason the attempt of the 
Massachusetts Institute of Technology to introduce soil mechanics | 
into its program may be of greater importance for the future develop- 
ment of the most backward branch of civil engineering than any indi- 
vidual achievement. 


Discussion 


Pror. CHARLES M. Sporrorp:* I do not wish to discuss the 
details of Dr. Terzaghi’s paper tonight, but am pleased to take this 
opportunity to make a few remarks concerning Dr..Terzaghi’s coming 
to the Institute of Technology. Last year I heard of the research work 
jn soil mechanics that was being conducted by Dr. Terzaghi in Con- 
stantinople, and also ascertained that he was to have a year’s leave of 
absence from Robert College. Appreciating perhaps as thoroughly as 
any engineer the insufficiency of our knowledge of the behavior of soils 
‘under the varying conditions met with in engineering, I felt that further 
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investigations along this line were of great importance, and that it 
would be well worth while for Technology to invite Dr. Terzaghi to come 
to the Institute for a year as a Lecturer and Research Associate in 
order that our staff and students might become familiar with his work 
and co-operate with him in carrying it forward. I think the large audi- 
ence here this evening clearly shows the desire of engineers to gain 
further knowledge concerning this important subject, and I believe that 
all of you will carry away with you a greater appreciation of the prob- 
lems confronting us and of the methods of attack necessary for their 
solution than you had when you came. 

Mr. Lazarus WHITE: * This lecture appealed to me so much that 
I think if a second one were to be given in Constantinople I should go 
there to hear it also. I rather envy the Boston engineers their oppor- 
tunity to hear Dr. Terzaghi lecture more frequently. We hope to hear 
him in New York, also, in lectures similar to this, if it can be arranged. 

I was struck by some articles by Dr. Terzaghi which have appeared 
recently in ‘‘Engineering News-Record,” and by the great value of his 
observations and experiments in explaining results we have seen and 
have not been able to explain. We saw these things and were rather 
dumbfounded by them. I was brought up in the old classical school 
of ‘‘Rankine.’”’ Rankine was the engineer’s Bible. After graduating I 
was put underground, and I have remained underground ever since. 
It wasn’t long before I found that the classical theories didn’t apply at 
all. Contractors with no knowledge of Rankine were doing things that 

“were utterly impossible if one really believed in Rankine. After being 
an engineer for fifteen years or so I became a contractor and started 
doing those impossible things myself. They were impossible to Rankine, 
but they are not to Dr. Terzaghi. I have been following this branch of 
engineering for a long time, and have found personally that his theories 
are justified. We have been doing as many as ten jobs simultaneously 
and sixty or more a year, so we have had ample opportunity to observe 
and check up his theories. We also have done some experimental work 
in a cruder way but on a larger scale. 

To show this I have brought with me a set of slides. Some of our 
data were obtained at as early a date as ten years before we heard about 
Dr. Terzaghi. 

Figs. 19 and 20 present the results of loading tests made by means 
of a hydraulic equipment, — a block, a jack and a gauge. The curves — 
become steeper with increasing load. Dr. Terzaghi was able to explain 
that theoretically. Fig. 19 shows the arrangement used for making 
a ee 
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loading tests next to existing buildings, for underpinning purposes. The 
horizontal beam is braced against the building by a strut, and with the 
hydraulic jack we exerted the pressure required. Fig 21 is a photo- 
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graphic view of the test arrangement. The settlement curve, Fig. 20, 
gives striking evidence for the elastic ‘‘rebound”’ of the soil. 

If there is no wall next to the pile against which to brace our hy- 
draulic jack device, we build a platform entirely clear of the pile we 
want to test. After loading the platform with 100 tons of pig iron we 
insert a hydraulic jack and run up our load. In order to keep the pile 
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under pressure for a longer period of time, we insert a beam between 
” 
the jacks. We call this process the ‘‘Pretest System. 


The results of these and many other tests we have made are in full 
agreement with Dr. Terzaghi’s theories. 
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ALLEN HAzEN:* I consider myself very fortunate to be with you 
tonight. Some years ago in studying hydraulic fill dams in California, 
many of these matters were necessarily considered, and it certainly 
would have been useful to me if I could have had the suggestions then 
that were presented to us tonight. 

In the California work we came to the conclusion that the most 
useful index of stability in a given line of materials was the percentage 


* Consulting Engineer, New York. 


FOUNDATION ENGINEERING 427 


of voids. A great deal of attention was given to methods of ascertain- 
ing voids rapidly and with comparative accuracy, and in a general way 
it seemed to be true that materials, whatever their grain size that had 
become compacted to a point where the voids were 40 per cent or less, 
were so stable that there was not much to worry about in regard to them. 
The materials that occasioned the slip usually had 50 per cent or more 
of voids. Intermediate materials with from 40 to 50 per cent of voids 
were in a doubtful class and required further study. 


Bos gies speed ES ee bag 
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Fic. 21. — Pretest soil test at Washington and Bethune Streets, 
New York City 


In another matter the author has given me comfort. In the hy- 
draulic fill dam work I laid down the rule that for a material to solidify 
promptly down to the 40 per cent voids class it was necessary that it 
should not contain very many particles less than 0.01 mm. in diameter. 
If the material contained many particles finer than that it would settle 
so loosely as not to come into the stable class within a reasonable length 
of time. The author’s admirable illustrations of tubes in which equal 
amounts of materials of varying grain size, but otherwise of the same 
character, had been allowed to settle in water, gives a graphic demon- 
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stration that his results are in substantial accord with the rough basis 
which was then reached. 

I congratulate the Massachusetts Institute of Technology on having 
borrowed Dr. Terzaghi as a lecturer. 

Mr. GEORGE PAASWELL:* I came over from New York to listen 
and not to talk. I have been familiar with Dr. Terzaghi’s work for five 
or six years, and have sensed the growing importance of his discoveries, 
but I never dreamt that I should actually hear him speak of them before 
an American audience of engineers. The whole science of soil mechanics 
is as yet so embryonic, and the whole practice of earth work construction 
has seemed so controlled by superstition, that until recent date it has 
appeared to be hopeless to expect that this new science would make any 
impression upon usual practice. For this reason, the step taken by the 
Institute, in bringing the Doctor here, both to teach and to experiment, 
is freighted with unusual interest, even though it seems a trifle hard to 
make us wait for the next generation to bring his teachings into active 
practice. One point the speaker would like to stress above all: in spite 
of sporadic experiments carried on by others, it is upon the shoulders of 
Dr. Terzaghi alone that the new science of soil mechanics is being car- 
ried, and that seems to be a very unequal burden to place upon one 
man. A vast amount of experimenting may be carried on by others, 
even though we must depend upon his genius to make those keen inter- 
pretations of the phenomena attendant upon soil work, as well as to 
lay out plans of testing apparatus. For this reason, the speaker, as a 
member of the Soils Committee of the American Society of Civil En- 
gineers, would appreciate every helpful bit of data culled either from 
practice or from laboratory work. Every one may co-operate, and the 
speaker urges that all look upon this new science with an open mind. 
There is nothing mysterious in what Dr. Terzaghi has said. He is not 
pulling rabbits out of a silk hat. One may perform the same experi- 
ments that he has, using the same brilliant methods of attack, and 
substantiate the astounding theories put forth by him. From the 
enthusiasm that has greeted his work, I cannot help but feel that in a 
comparatively short time we shall see some of his theorems put into 
the earth-work code of actual practice. 

Mr. Freperic H. Fay: + It has been certainly most enlightening 
to all of us to thus gain some insight into the scientific basis of soil 
mechanics. One thing which impressed me is that in our ordinary 
methods of judging soils by sieve testing we do not get at the root of 


* Consulting Engineer, New York. 
} Of Fay, Spofford & Thorndike, Boston. 
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the matter. The materials which Dr. Terzaghi has been discussing 
tonight are very much finer than anything one deals with when making 
an ordinary physical analysis. In other words, Dr. Terzaghi begins 
where our sieves leave off, and he studies the behavior of the more 
minute particles. We are only at the threshold of the science of soil 
mechanics, — the substitution of rational scientific basis for guesswork 
and rule-of-thumb methods in which we form our judgments according 
to the past experiences of ourselves and others. Sometimes we can 

' predict results with reasonable accuracy, but we do not know why things 
happen. A previous speaker has well said that Dr. Terzaghi is perhaps 
today the outstanding figure in this new field of earth science. In these 
fundamental investigations he has been working almost alone. It is a 
heavy burden for one man to carry, and the burden should be distributed. 
Could not Dr. Terzaghi best aid his own work and the engineering pro- 
fession by giving the widest publicity to what he has accomplished and 
to what appears to him to be the next most important steps — suggest- 
ing and outlining experiments to be carried on by others, so that other 

* engineers, like Mr. White of New York, who are working along these 
lines, may work more effectively, and the efforts of many may be better 
co-ordinated for the solution of these most important problems? Well- 
directed effort by many toward the common end will mean a more 
rapid advance of the science of soil mechanics, and thus we may not 
have to wait a generation or depend wholly on Technology for results. 
Perhaps Dr. Terzaghi will offer suggestions for tests and experiments 
in which’ others may co-operate toward the practical solution of prob- 
lems common to all engineers whose work brings them in contact with 
the soil. 

Dr. TERZAGHI: I wish to thank Professor Spofford for his words of 
appreciation. The attendance of the course on soil mechanics exceeds 
what has been expected, and seems to justify Professor Spofford’s edu- 
cational experiment. 

The records presented by Mr. Lazarus White are unusually inter- 
esting. Mr. White has probably more experience in the difficult field of 
underpinning than any other contractor in the world, and the state- 
ment, that the results of his observations concerning the elastic be- 
havior of the ground confirm my theoretical conceptions, gives me 
great satisfaction. Laboratory tests merely have the purpose of guid- 

ing our mind in its search for the physical causes of the phenomena. 
However, for confirming our conclusions, for applying our theoretical 
‘insight to the problems of actual practice, and for broadening the em- 
pirical basis of our science, we urgently need the results of such tests as 


x 
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those described by Mr. White. For this reason, the material accumu- 
lated in Mr. White’s office represents a precious capital. I wish to thank 
Mr. White for the opportunity to see some of his valuable records, and 
for the kindness of visiting us in Boston. 

I highly appreciate the privilege of having Mr. Allen Hazen among 
the audience. His investigations concerning the effective size of the core 
materials of hydraulic fill dams undoubtedly present the most important 
event in the short history of the hydraulic fill method. Prior to the 
publication of Mr. Hazen’s results, hydraulic sluicing was a gamble. 
His results are in perfect agreement with what I have observed in the 
laboratory since. The only one point which seems to require further 
investigations, and where rather important new results ought to be ex- 
pected, concerns the shape of the grains. The coefficient of permeability 
of a sand or silt with bulky grains was found to be many times greater 
than the coefficient of permeability of a sand or silt with the same 
effective size and the same uniformity coefficient, but with an appreci- 
able percentage of mica as a constituent. According to the thermody- 
namic analogy mentioned in my paper, the speed of consolidation of a 
fine-grained deposit essentially depends on the coefficient of permeability 
of the core material, comparable to how the rate of cooling of a hot body 
of a given shape essentially depends on the coefficient of heat conduc- 
tivity. Hence, the shape factor is expected to have a rather important 
bearing on the rate of consolidation and the degree of stability of sluiced 
cores, consisting of materials with equal uniformity and equal effective 

- size. 

The presence at this meeting of Mr. George Paaswell is for me a 
very joyful event. During the preceding years of single-handed struggle 
with tough problems and with an ultra-conservative public opinion, he 
has been one of the few engineers who anticipated the latent possibili- 
ties of my methods of attack. For this reason I consider his being con- 


nected with the Soils Committee a factor of great importance, and I | 


trust his influence, combined with his expertship, will greatly help to 
establish closer co-operation between laboratory and field. 

The suggestions made by Mr. Fay certainly are most welcome, 
since nothing seems to me so desirable than associating my own efforts 
with those of others. 

Co-operation with the laboratories of other institutions of learning 
is seriously handicapped by the fact that all of my original publications 


are in German. Successful continuation of my laboratory work requires, - 


above all, intimate acquaintance with the theoretical principles laid 
down in my works. 


~~ 
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However, no such obstacle prevents active co-operation with the 
engineers working in the field. Most valuable results could thus be 
obtained, and it gives me pleasure to specify some of the data we need. 
They can be grouped as follows: 


Bearing Capacity of the Ground. 

Pile Foundations. 

Landslides. 

Quicksand Phenomena. 

Quantity of Water Flowing into Foundation Pits. 
Cofferdams. 

Earthdams. 


Ann UOmS 


Group A. Bearing Capacity of the Ground. — When making test 
borings, undisturbed samples should be extracted from the drillhole by 
means of a sampler, whenever the ground is such that it can be done 


(coherent soil). Such undisturbed samples, 7.e., samples with their 


original water-content, should be transferred at once into a glass con- 
tainer, which fits the sample with a minimum air space between sample 
and container. The container should be sealed with wax or paraffine. In 
such a container, the sample retains its original water-content during 
several years, provided there is no appreciable air space left within the 
glass. No such precautions are needed, in keeping samples of sand or 
non-coherent silt. Samples washed out of the hole and collected in a 
bucket are worthless. Some typical samples should be kept for at least 
two years, because in case the engineer intends later on to publish his 
construction data it is highly important to have these samples tested 
in an engineering soils-laboratory of the kind M. I. T. plans to estab- 


lish, and to incorporate the results in the published report. In addition 


the publication ought invariably to contain a cross-section representing 


the results of the test-borings. 


Loading tests of the ground always are highly desirable, in spite of 
our uncertainty concerning the interpretation of the test results. Each 
published test-record combined with the record of test-borings and 
the results of subsequent settlement observations represents one step 
towards increasing our capacity to forecast the settlements. 

Loading tests ought to be made on an area of at least 2 square feet, 


located on the bottom of a test pit at least 5 feet deep, 5 feet long and 


5 feet wide. If the groundwater level is within 7 feet of the surface, 
excavation should be carried down to the water level. On the other 


hand, if the loaded area is located above the ground water level, the 


site ought to be protected against rain by a temporary roof. 
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For making the loading tests, the apparatus proposed by the Soils 
Committee of the American Society of Civil Engineers * could be used. 
If the soil has but little cohesion, the protective sandlayer provided in 
the Soils Committee’s design should be omitted. I preferred to use for — 
my loading tests the home-made device shown in Fig. 22, because [| © 
found it cheaper and sufficiently accurate. The load is carried by a 
rectangular wooden frame. To prevent horizontal motion, one end of 
the frame is supported by a simple sawhorse; the other one rests on a 
T-shaped frame, whose lower end rests on the ground that is to be tested. 


20+25, Ig. 450cm 
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FIGs 22 


The load is applied with an eccentricity of about 4 inches, a fact which 
has to be taken care of when computing the pressures. In the sketch, 
Fig. 22, the dimensions are given in the metric system. The soil pres- 
sure due to the weight of the T-frame and the top frame must be known. 
Pointed nails projecting out of the heads of two reference-stakes serve as 
bench marks, and the readings ought to be made with an accuracy of 
about M46 inch. If the crosspiece tends to dip towards one side, the next 
load-increment should be applied such as to bring the crosspiece back 
into its horizontal position. As a load we used rails, I-beams or rein- 
forcing bars, each load-increment being weighed on a platform-scale be- 


* Papers and Discussions, August, 1920. 
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fore being applied. Particular accuracy is required while making the 
readings at low load. After having applied half of the total load, a pause 
should be made of twenty-four hours, during which hourly readings should 
be taken throughout thedaytime. Asimilar set of time-observations, cov- 
ering a period of at least twenty-four hours, should be obtained after full 
load is applied. If making loading tests on saturated silt or plastic 
clay, the pause ought to be extended over at least four days, until the 
increase in settlement at constant load becomes practically negligible. 
~When removing the load, observe the rebound at two-third, one-third 
and zero load, respectively. 
One of the most important parts of the work consists in establish- 
ing several bench marks at accessible parts of the foundations of the 
building. Precise levels should be run over these bench marks during 
construction, and at least two such levels during the first two years 
after the building was finished. Besides a permanent reference bench 
mark, the levels ought to include at least one point located more than 
100 feet away from the building in order to make sure that the settle- 
“ment of the ground is confined to the area loaded by the building. The 
report on the results of the levels should include diagrams showing the 
dead-load and the live-load acting at the time when the levels were 
made. 
Group B. Pile Foundations. — Test-boring records and settlement 
data as specified in Group A. Several piles should be selected for meas- 
uring the total penetration from blow to blow, starting at the first one. 
A second set of records to be obtained after a pause of at least two 
days should show the total penetration for each consecutive blow, when 
driving the piles 1 foot deeper. A French railroad company and the 

French Sociétés de Quais working in Turkey make it a rule for keeping 
such records for every pile driven by the Company. Such data seem 
‘superfluous. It is preferable to select only a few piles, and to keep the 
records carefully. 
The records for the test piles should contain: type of pile-driving 
outfit; weight of hammer; length, upper and lower cross-section and 
approximate weight of the pile; type of cap used for protecting the 
pile-head; height of the fall of the hammer each time; and the total 
penetration after each blow. Similar data are required for test piles, 
driven by steam hammer. Supplementary data for all piles: spacing 
of piles, order in which the piles were driven, level of the ground before 
driving, and level of the ground after all the piles are in. (Important, 
because it gives some information concerning the increase in density 
of the ground, produced by driving the piles.) 
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If driving reinforced concrete piles, a considerable part of the im- 
pact is taken up by the protective elastic cushion, resting on the pile- 
head. For this reason, conclusions drawn from penetration-observa- 
tions with reinforced concrete piles are not reliable. Hence the obser- 
vations mentioned should be made with fairly cylindrical wooden test 
piles, if there is any possibility to do so. The error due to difference in 
cross-section (circular and square) and difference in skin friction (friction 
‘on timber and friction on concrete) was found to be considerably smaller 
than the error due to the elasticity of the pile-cap. 

Pile loading tests have the bad reputation of being very expensive. 
By using a device of the kind shown in Fig. 23 I succeeded in making 
such tests at very low cost. The loading platform consists of a set of 
I-beams, rails, or square timber, or any other kind of available beams 
properly spaced but not connected with each other. To prevent hori- 
‘zontal movement, one end of each beam is supported by a board 
resting on the ground and bears against the face of a square timber. 
At the center point the beams are supported by a crosspiece that bears 

‘on and is braced to the pile. The load is carried by a few cross timbers 

(rails or channels) placed at right angles to the platform-beams. In 
order to maintain the stability of the system, the center of gravity of 
the load is 6 inches off the center of the pile towards the supported end, 
which fact must be considered when calculating the loads, acting on the 
pile. For making the loading test, the rules for using the device shown 
in Fig. 22 apply, without any modification (see loading tests, Group A). 
It is self-evident that the reference-board must be spiked to the pile 
only, and not to the braces. 

In making a loading test and using the device shown in Fig. 23, 
the amount of labor required to load a pile up to 50 tons with round, 
reinforcing bars, after the site is prepared, and to observe the rebound 
produced by removing the load, was as follows (supervision excluded) : 

Making and removing the platform: 3 carpenter days; 6 laborer 

days. 

Applying and removing the load: 16 laborer days. 

No special material should be required, as both the platform and 
the load can be obtained from the construction material almost without 
any loss due to cutting. The cost of the tests are so low that they are 

always justified, even in connection with construction work of minor 
importance. If using any one of the common pile-driving formule, one 
is obliged to operate with a factor of safety of 6, on account of the un- 
‘certainty of the values furnished by the formule. With the results of 
a loading test at disposal, one can reduce the factor of safety to 4 or 3. 
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As a consequence, the economy thus realized more than justifies the 
costs of the test. 

The piles should always be loaded until the penetration amounts 
to at least 4 inches, because the shape of the settlement-curve at high 
loads is very variable for different materials and most characteristic 
for each one of them. 

After the loading tests are completed, a pulling test is very desirable. 
Several devices are used for making pulling tests. One of the simplest 
consists of a long lever, made out of rails, I-beams, or of square timbers. 
One end of the lever is attached to the head of the pile which should be 
pulled, the other end carries the load. The middle support of the lever 
consists of a short piece of rail resting on the head of one of the piles 
located next to the test pile. The ratio between the shorter and the 
longer lever arm should be at least 1:5. In Europe such devices have 
been repeatedly used. The report on the result of the pulling test should 
contain the total force required for pulling the pile, the dimensions of 
the pile, the area of contact between the pile and the ground, and a 
statement, whether or not the ground located around the pile was visibly 
forced up while pulling the pile. 

Group C. Landslides. — Careful investigation of the conditions 
which preceded the accident (drainage conditions on the surface before 
the slide occurred; shrinkage and settlement cracks; weather condi- 
tions, particularly rainfall, at and before the time of the accident, etc.). 
Samples with their original water-content of the material forming the 
* steep slope in the back-ground of the disturbed area, and similar samples 
of the material which went down, at least 3 pounds of each, should be 
kept for testing in some soils-laboratory. Concerning the method of 
preserving the samples, consult Group A (test-boring samples). 

Contour plan and cross-sections of the ground before and after the 
slide. Sketch showing the shape and the dimensions of the disturbed 
area, report on evidences of pre-existing sliding planes, visible sliding | 
planes, highly permeable intermediate layers. Results of test borings, | 
if such were made. 

Group D. Quicksand Phenomena. — General plan of the situation. | 
(Dimensions of excavation pit, elevation of ground-water level, type of 
excavation and timbering, type of sheet piles, method of driving sheet 
piles, depth to which the piles were driven, type, capacity and location 
of pumping machinery (point of suction). Results of test borings as 
specified in Group A.) Description of the observed phenomena. A 
S-pound sample of the quicksand to be kept in bottle or in bag» Ag 
possible: Determine the volume of voids or the actual water-content of 
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the undisturbed ground. No data concerning this important factor are 
available thus far. In order to determine the volume of voids of the 
undisturbed quicksand, level off an area of three or four square feet of 
the quicksand deposit. Take a 10-inch section of a sheet-iron or gal- 
vanized-iron pipe with a diameter of about 5 inches and force it slowly 
into the ground by hammering the upper edge of it. The lower edge of 
the pipe should be sharpened, the sharp edge located at the innerface 
of the pipe. After having completely forced the pipe into the ground, 
excavate around the pipe, and finally cut the pipe with its content off 
the ground by means of a knife or a straight edge. Thus the pipe con- 
tains a known volume of undisturbed material. The volume of voids 
can be computed from the dry weight of the pipe-content, the average 
specific gravity of the grains and the volume of the pipe. For obtain- 
ing these data, the content of the pipe should be shipped to a soils 
laboratory, in a sealed tin. 

Group E. Quantity of Water flowing into Foundation Pits, — Plan 
of the situation (as in Group D). Quantity of water entering the pit 
(a) through the enclosure and () through the bottom. The total quan- 
tity should be computed from the discharge of the pumps, and the rela- 
tive importance of the increments (a) and (b) should be roughly esti- 
mated from visible evidence. Condition is that the pumps keep the 
water level below the bottom of the foundation pit, else no distinction 
could be made between the increments (a) and (0), and no conclusions 
could be drawn concerning the permeability of the underground. dhe 
records are particularly valuable, if the increment (a) is negligible and 
if the ground is fairly uniform. Five-pound samples of typical ground 
material should be kept as a record. 

These observations are apt to furnish information concerning the 
permeability of alluvial fills. Experience has shown that certain coarse 
sand and gravel deposits are very permeable and others almost im- 
permeable, depending on the percentage of fine-grained material they 
contain. On the other hand, the content of such deposits in fine-grained 
materials seems to be closely related with the geological history of the 
deposits. Since it is very difficult to withdraw drill samples of coarse- 
grained sediments without losing the finer particles, it would be useful 
to learn by experience the approximate limits between which the per- 
meability of coarse river deposits may vary and to co-ordinate our 
experience with geological facts. The data mentioned under this heading 
are sufficient for roughly estimating the coefficient of permeability of 


the underground. 
Group F. Cofferdams. — Plan of situation as Group D. Observa- 
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tions concerning the degree of permeability and stability of the coffer- 
dam. If the cofferdam is of the box type, a representative 5-pound 
sample of the fill should be kept. Important to state how the material 
looked when excavated (in stiff chunks, or thoroughly wet), and how it 
was filled into the box and compacted. 

Group G. Earthdams. — Complete construction data and the re- 
sults of test borings as specified in Group A. Ten-pound samples of the 
earth materials finally used in the various parts of the dam should be 
kept. Results of subsequent observations concerning saturation line 
(standpipe observation) and seepage losses. 


This brief review may be sufficient to show which data the practic- 
ing engineer should try to collect. It may be noticed that I made no 
suggestions whatsoever concerning the analysis of the soil samples. This 
fact expresses my opinion concerning the future relation between field 
and laboratory. The mere knowledge of soil physics is not sufficient for 
making successful soil investigations. Such investigations require much 
laboratory experience, and a well-equipped laboratory in addition. For 
this reason, I believe that the testing of soil samples should be made in 
permanent laboratories by experienced experimenters. For the practicing 
engineer the essential thing is to have a clear conception of the informa- 
tion the laboratory man is apt to furnish, to know how much soil material 
is required for soil analysis, and to know how the samples should be 
preserved and shipped. This unavoidable specialization prevents by no 
means intimate co-operation between field and laboratory. Whenever 
soil samples are delivered (prepaid) at M. I. T. for the purpose of securing 
information to be embodied in professional papers, I will always be glad 
to examine them free of charge as soon as I have the time required to do 
it. Published reports including all the data specified in my closure are 
so utterly scarce that every one of such reports would represent a most 
useful contribution to engineering science, regardless of the relative. 
importance of the work described. 

In publishing construction data it is essential to keep, above all, | 
the following fact in mind: Hardly any report on foundation work 
is worth being printed unless it is supplemented, either at the tima| 
of its publication or later on, by the results of careful settlement obser- 
vations, as specified above. Foundation projects merely represent our 
intentions, and the practical result is, by necessity, always more or less 
different. The mere intention means to us but very little. If some of 
the engineers present at this meeting would actually try to co-operate 
with me on the basis suggested, we may be in a position to establish in 


ae 
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New England the first example of how underground conditions ought 
to be investigated for engineering purposes. New England seems to 
me better fit for such a start than any other states I know of, for two 
reasons: It presents a remarkable variety of difficult underground prob- 
lems, and in addition, it is remarkably well explored as far as its geology 
is concerned. 

I highly appreciate the active interest expressed by the speakers, 
and I wish to thank the Society for the unique opportunity of presenting 
some of my results before so distinguished an audience. 


OF GENERAL INTEREST 


REPORT ON METROPOLITAN WATER SUPPLY 


Investigating Commission Reports to Legislature — Rec- 
ommends Construction of a Filtration Plant for South 
Sudbury System and Reservoir on Upper Ware River — 
Urges Immediate Appropriation of $27,500,000 


One of the most important matters 
which will occupy the attention of the 
Massachusetts Legislature at the coming 
session is the Report of the Metropolitan 
Water Supply Investigating Commis- 
sion, recently submitted in accordance 
with chapter 491 of the Acts of 1924. 

This commission after more than a 
year’s study has recommended: 


“(a) That a special construction com- 
mission be created with authority to 
improve and increase the present water 
supply of the metropolitan district and 
of the city of Worcester. 

“(b) That the commission should 
immediately construct a suitable filtra- 
tion plant for making available the 
waters of the South Sudbury system. 

“‘(¢) That the commission also should 
proceed immediately with the construc- 
tion of a reservoir on the upper Ware 
River for the joint use of the city of 
Worcester and the metropolitan district. 

“(d) That an agreement should be 
entered into between the city of Worces- 
ter and the Commonwealth whereby 
the latter shall construct the said reser- 
voir and its necessary appurtenances, 
the city contributing one-ninth of the 
actual cost of same in return for the right 
to take one-ninth of all the water thereby 
made available, with the further privi- 


lege of taking from time to time in the 
future additional amounts of water 
when needed, in increments of one-ninth 
each, paying therefor one-ninth of the 
original cost for each one-ninth of the 
supply of water so taken, and in addition 
contributing to the annual cost of main- 
tenance and upkeep in such proportion 
as its taking of water bears to the ca- 
pacity of the entire supply. 

“(e) That the commission be au- 
thorized to purchase land at a suitable 
point along the Weston Aqueduct for 
the location of a future filtration plant 
of sufficient capacity to filter the amount 
of water capable of being carried by said 
aqueduct. 


“(f) That the commission be em- | 
powered to purchase or take by right | 
of eminent domain such land, rights, | 
easements or other property within the | 


watersheds of the Assabet and Ipswich 
rivers as it may determine to be neces- 


sary for the proper protection of those 


sources against future encroachment by 
private interests and for preserving the 
sanitary quality of their waters. 

“(g) That the commission be in- 
structed to study and to report their 
recommendations to the General Court 
on or before December 1, 1926, as to the 
need, location and estimated cost of 
delivering the future water supply to 
the distribution system of the metro- 
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politan district either by pressure tunnel 
or-by pipe lines. 

“(h) That the Legislature appropriate 
the sum of $27,500,000, and that proper 
authority be given the said commission 
for expending the same in carrying out 
the foregoing recommendations.” 


The Metropolitan Water Supply In- 
vestigating Commission, appointed by 
the Governor on August 20, 1924, con- 
sisted of Chas. R. Gow of Boston, chair- 
man, E. E. Lochridge of Springfield, 
and George F. Booth of Worcester. 
Allen Hazen, well-known engineer of 
New York, served as consulting engineer, 
and Raymond C. Allen of Manchester, 
Mass., acted as secretary of the commis- 
sion in addition to other duties of an 
engineering nature. Mr. Hazen con- 
ferred frequently with Leonard Metcalf 
Of Boston on various matters in connec- 
tion with the report. It is interesting 
to note that all of these men, with the 
exception of Mr. Booth who is not an 
engineer, are active members of the 
Boston Society of Civil Engineers. 

The engineering work consisted of a 
complete review of all previous studies, 
particularly,the report of the so-called 
Joint Board — the State Department of 
Health and the Metropolitan Water 
and Sewerage Board (the latter since 
merged in the Metropolitan District 
Commission); together with an investi- 
gation of every available new source 
of supply which appeared at all promis- 
ing. Considerable surveying was re- 
quired and borings taken in connection 
with the several sources and projects 
considered. A detailed engineering re- 
port by Mr. Hazen accompanied the 
commission’s report. 

An important part of the work of this 
commission was the study of such addi- 
tional sources of supply for the city of 
Worcester as would best tie in with 
any project proposed for increasing the 
supply for the metropolitan district. 

The following excerpt from the re- 
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port outlines the availability and esti- 
mated costs of developing the various 
sources of water supply considered by the 
commission: 


“(r1) The present sources of water 
supply of satisfactory quality, available 
for the needs of the metropolitan district, 
can be depended upon to furnish an 
average output of not more than 119,- 
000,000 gallons per day during a series 
of exceptionally dry years such as fre- 
quently occur, whereas the district is 
now consuming approximately  130,- 
000,000 gallons per day and is called 
upon for additional amounts for other 
communities, with the probability that 
an even greater total amount will be 
needed in the immediate future. 

““(2) In addition to this amount of 
good water there is also available an 
existing supply of some 26,000,000 
gallons per day obtainable from the 
South Sudbury system, the present 
natural quality of which is so unsatis- 
factory that for many years past it has 
been used only in extreme emergencies 
and for short periods when there was 
no other alternative. This supply can 
be made equally satisfactory, or better 
than that now used, by constructing 
suitable purification works at an expend- 
iture of approximately $3,500,000 which 
will thereafter assure to the district a 
total safe capacity of 145,000,000 gallons 
per day, sufficient, according to our 
estimates, to meet the probable water 
needs of the district until about the year 
1929. Before that date, therefore, there 
must be developed some new supply if 
the danger of a probable water shortage 
is to be avoided, and the period required 
for constructing such works will prob- 
ably be not less than four years under 
the most favorable circumstances. 

“(3) The city of Worcester is in an 
even more critical state respecting its 
water supply than is the metropolitan 
district, since it is already experiencing 
an actual shortage of supply and has 
been compelled to purchase from 5,000,- 
000 to 6,000,000 gallons per day from 
the metropolitan district for several 
months past and to pump the same from 
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the Wachusett Reservoir into its own 
system. This water used by Worcester 
is in addition to the 130,000,000 gallons 
per day now being consumed by the 
district itself. 

“(4) Additional water, suitable for 
the future needs of the metropolitan 
district and of Worcester, may be secured 
by developing the Ware and Swift rivers 
for that purpose, as originally suggested 
as a future possibility at the time the 
metropolitan system was created, and as 
recommended still more recently by the 
Joint Board, so called, which reported 
upon the subject in the year 1922, or 
otherwise various smaller developments 
may be utilized which can be added to 
the system from time to time in the 
future as the demand for greater quan- 
tities of water occurs. 

““(s) The Ware and Swift river proj- 
ect as recommended by the Joint 
Board would, if carried out, more than 
double the present capacity of the exist- 
ing supply, including that proposed to 
be reclaimed by filtering the South 
Sudbury water, and would care for the 
combined needs of the metropolitan 
district and of Worcester for perhaps as 
much as_ seventy-five years into the 
future. This source would yield a water 

of excellent natural quality, and its cost 
per million gallons of capacity might be as 
low as that of any other source or sources 
which can be suggested as substitutes. 
The entire investment, however, would 
have to be made substantially at once 
for an amount of water which would 
not be required for many years hence or 
possibly never if by any chance the 
growth in population were for any reason 
to cease or decline. 

“(6) The taking by the metropolitan 
district of the waters of the Swift and 
Ware rivers, together with the large 
areas of land required for reservoirs and 
protective measures, is strongly objected 
to by the communities in that section 
of the state because of what is deemed 
to be an unnecessary encroachment 
upon existing local rights and benefits 
pertaining to these natural resources. 
Also, the proposed method of utilizing 
this source would not meet in a satis- 
factory manner the requirements of the 
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city of Worcester for an addition to its 
present supply, since all of the water 
which that city might secure from such 
a development would have to be elevated 
several hundred feet by pumping, and 
its taking would necessarily be subject 
to such restrictions and regulations as 
might be imposed by the metropolitan 
district. 

““(7) There is, however, a possible 
solution of Worcester’s water supply 
problem which would seem to be advan- 
tageous alike to that city and to the 
metropolitan district. By constructing 
a dam across the Ware River in the 
vicinity of Barre Falls a large reservoir 
would be created in the valley above 
that point which would have a capacity 
of 45,000,000 gallons per day, which 
could be made to flow by gravity either 
to some of the existing reservoirs of the 
Worcester system, to the Wachusett 
Reservoir, or to both. Since the amount 
of water which would be made available 
by this means would be considerably 
in excess of that required by the city of 
Worcester for a very long period, there 
would remain during that time a sub- 
stantial surplus which could be utilized 
by the metropolitan district to augment 
its present supply and thus to defer the 
the occasion when additional sources 
would be required for the enlargement 
of its own system. The estimated cost 
of developing this supply is $14,000,000. 

(8) In addition to the supply obtain- 
able from the North Ware, it will be 
possible, whenever it is needed, to secure 
47,000,000 gallons per day of additional 
supply by diverting certain branches of 
the upper Assabet River into the Wachu- 
sett Aqueduct which passes through the 
watershed of that river on its way to 
Sudbury Reservoir. The cost of such 
a development will be approximately 
$8,500,000. 

_ “(g) When the time comes for secur- 
ing more water than these two sources 
are capable of delivering, the Ipswich 
River above the town of Topsfield can 
be developed as a third source of supply 
capable of yielding 80,000,000 gallons 
per day, 30,000,coo of which may ulti- 
mately be required for the water needs 
of communities in or adjacent to the 


_, 


OF GENERAL INTEREST 


Ipswich valley. The remaining 50,000,- 
ooo gallons per day could be pumped to 
the metropolitan system in the vicinity 
of Spot Pond. The total cost of this 
development at present prices would 
be in the neighborhood of $19,000,000. 

“(t0) The Hobbs Brook Reservoir 
of the city of Cambridge water supply 
can be greatly increased in size by raising 
the present dam some 30 feet. If this 
were done it could be kept full by pump- 
ing water from the lower Sudbury River 
during seasons of flood, and by such 
means the capacity of the supply might 
be increased 50,000,000 gallons per day. 
The cost of this development would be 
about $12,000,000. 

“(rr) The total additional supply 
which can ultimately be secured by 
developing successively the North Ware, 
Assabet, Ipswich and Hobbs Brook 
sources will be 202,000,000 gallons per 
day, and the aggregate cost approxi- 
mately $53,500,000. These figures com- 
pare with approximately 200,000,000 
gallons per day obtainable from the 
Swift, Ware and Millers rivers at a cost 
as estimated by the Joint Board in its 
1920 report of $60,000,000. 

“(z2) The water obtained from the 
Assabet, Ipswich and Hobbs Brook 
sources would require filtration before 
using, while that of the North Ware 
supply, if used in considerable quantity, 
might tend to lower slightly the present 
quality of the Wachusett water with 
which it would necessarily mix in passing 
through the system. On the other hand, 
unless very considerable sums are ex- 
pended in the near future in the purchase 
of property adjacent to the Wachusett 
Reservoir, for the preservation of the 
purity of the supply, it is doubtful if 
resort to filtration of that water can be 
much longer deferred. : 

(13) The Quinebaug River has also 
been considered as a possible source ot 
future supply. Considerable quantities 
of water of excellent quality might be 
obtained from this source at a cost 
comparable with other supplies studied, 
but since sufficient water is obtainable 
from nearer sources, no. recommendation 
is made at this time with respect to this 


supply. 
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(74) Aside from the matter of secur- 
ing some new source or sources of supply, 
there is also involved the important 
question of bringing the additional water 
thus obtained into the metropolitan 
district. Existing demands require the 
full capacity of available conduits from 
the Weston terminal of the Weston 
Aqueduct to the centers of distribution. 
Certain engineering studies which have 
been made in the course of this investi- 
gation indicate the desirability of con- 
structing a deep pressure tunnel in the 
underlying rock between the Weston 
terminal and a point in or near the city 
of Everett. The estimated cost of such 
a tunnel is $17,000,000. In addition, 
some present deficiencies of capacity 
in certain sections of the Weston Aque- 
duct itself now require correction at an 
estimated expense of $700,co00.” 


The report, which will be available 
later in printed form when under con- 
sideration by the Legislature, contains a 
great deal of interesting information 
concerning the history of the metro- 
politan water supply, capacity of existing 
sources, probable life of present supply, 
and possible additions of municipalities 
to the metropolitan water district. The 
following table is given showing the 
estimated Future Population and Water 
Consumption of the Metropolitan Dis- 
trict, including Newton and Brookline, 
together with fifteen surrounding munic- 
ipalities and the city of Worcester: 


Estimated 

Estimated Consumption 

Population (m. g. d. 
1925 . 1,890,456 182,000,000 
1930 . 2,020,000 202,000,000 
1935 . 2,150,000 221,CO0,000 
1940 . 2,270,000 240,000,000 
19045 . 2,390,000 260,000,000 
1950 . 2,510,000 280,000,000 
1955 . 2,625,000 302,000,000 
1960 . 2,740,000 325,000,000 
1965 . 2,850,000 350,000,000 
IQg70 . 2,960,000 375,000,000 


The aggregate capacity of the com- 
bined sources of supply now available 
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for the needs of these several municipali- 
ties is as follows: — 


m. g. d. 

Present metropolitan supply | 145 

Newton and Brookline supplies . se) 

City of Worcester supply _ . : 20 
Fifteen surrounding cities and 

towns . : 5 ' : : 23 
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Careful consideration is given to the 
report of the Joint Board, previously 
referred to, and after summarizing the 
advantages and disadvantages of the 
plans proposed in that report, the present 
commission states why its own alter- 
native plan is preferred to that of the 
Joint Board. 

Much attention is given to the sources 
of supply of Worcester, its rights in 
the Wachusett watershed, and the pro- 
posed plan for increasing the supply 
for Worcester through the joint use by 
that city and the metropolitan district 
of the North Ware additional supply. 

The deficiency of the present distri- 
bution system is discussed and it is 
suggested that the special construction 
commission, the appointment of which 
is recommended in this report, should 
be directed to study “the need, location 
and estimated cost of delivering the 
future water supply to the distribution 
system of the metropolitan district 
either by pressure tunnel or by pipe 
lines.”’ 

The final and a very important part 
of the report is devoted to ‘The Fi- 
nancial Program Involved with an 
Increased Supply.” Here the probable 
expenditures over the next thirty years 
under this plan are analyzed and com- 
pared with the expenditures involved if 
the recommendations of the Joint Board 
were the ones adopted. In a final com- 
parison the report states: 


“The difference in cost between the 
two plans may not appear to be impres- 
sive when measured in cost per million 
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gallons, since the excess cost of the Joint 
Board plan over that now proposed 
averages only $6 per million gallons for 
the next thirty years. The total saving 
represented during this period, however, 
is approximately $12,500,000, of which 
$11,000,000 applies to the first twenty 
years, so that the saving to the communi- 
ties affected will be very substantial. 
In addition to this fact the community 
will be supplied under the program now 
proposed with filtered water of the 
highest degree of purity as compared 
with natural waters which, however 
excellent their quality may be, are 
always subject to the possibility of 
accidental pollution and at times to 
tastes and odors of an objectionable 
nature.” 


In conclusion the commission reports 
as follows: 


“As a result of a study extending over 
more than a year we are convinced that 
the metropolitan district is confronted 
with a critical situation respecting its 
water supply both from the standpoint 
of capacity and of distribution facilities. 

“The: system is underdeveloped for 
the service it must supply in the very 
near future. In our opinion immediate 
action is necessary in order to avoid the 
possibility of consequences of a serious 
nature. Undoubtedly the restrictions 
imposed by the war period and the sub- 
sequent high costs of construction have 
been largely responsible for the failure 
to keep pace with growing requirements, 
but further postponement will be ex- 
tremely dangerous. 

“In periods of sufficient rainfall it is 
difficult for communities to realize the 
possible consequences of a recurring dry 
spell such as is to be expected at intervals 
of from fifteen to twenty years. The last 
period of severe drought occurred about 
fifteen years ago. It is reasonable to 
anticipate another within the next few 
years. The time to prepare for such an 
emergency is before its occurrence. To 
wait until the crisis is here will be futile 
since there will not then be sufficient 
time available in which to provide the 
necessary remedial measures. 
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“It may be urged that there is now 
sufficient water obtainable with which 
to meet such an emergency if quality is 
disregarded, and this may be true to 
a certain extent. Its use, however, in 
an unpurified state will be fraught with 
danger to the health of the community 
unless chemical treatment is resorted to, 
in which case it is likely to prove de- 
cidedly unpleasant as a beverage and 
quite unacceptable to a population that 
has become accustomed to a high stand- 
ard of quality in its water supply. 

“The distribution system, particularly 
that portion pertaining to the delivery 
pipes from the Weston Aqueduct, has 
been permitted to lag behind the actual 
requirements for capacity, so that it 
is only by an ingenious manipulation 
of the pumping equipment that sufficient 
pressure is maintained at all times in 
the system. This constitutes a serious 
hazard in case of any exceptional de- 
mand for water, such as a serious con- 
flagration or severe cold spell. Likewise 
the crippling of one of the pumps or the 
breaking of a force main would be likely 
to result disastrously. In our opinion 
this feature also should have immediate 
attention and correction, and the system 
should be brought at once to a state 
where maximum and emergency require- 
ments can be met with a reasonable 
margin of safety.” 


Boston’s Earthquake Hazard 


This year has witnessed several earth- 
quakes of minor intensities in New 
England. It has been somewhat dis- 
concerting to folks who have grown up 
in the faith that the troubles of Cali- 
fornia need never be anticipated on our 
stern and rock-bound coast. 

However, since the coming of the 
white man to New England, this area 
has a record of 300 quakes, varying from 
disturbances of minor intensities to the 
very severe earthquake which occurred 
in Boston in 1755, the recurrence of 
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which today would cause great loss in 
life and property. 

The geologists tell us that the earth’s 
crust locally is in one of its periods of 
readjustment to strain. We are also 
told that Boston is at one end of a fault 
or point of weakness in the earth’s 
crust where the effects are localized, and 
that judging from past experience we 
may expect the period of readjustment 
to continue for the next ten years. 

If the geologists are correct in their 
premises we may- expect recurrence of 
earthquake shocks during the next 
decade. No attempt is made by the 
scientists to predict quakes in the sense 
of time and place. It is, however, stated 
by one geologist that sometime, some- 
where, in New England, during the next 
decade, there is an expectancy of a quake 
of the severity of Boston, 1755, or Santa 
Barbara, 1925. 

What, then, should be the attitude of 
Boston engineers when earthquakes 
are mentioned? The insurance com- 
panies report the sale of earthquake 
insurance in considerable amounts. 
Should the engineer adopt the attitude 
of the forefathers during our early quakes, 
who said they were acts of Divine 
Providence, and who sought to remove 
the cause by propitiatory supplications 
addressed to an angry Deity, or should 
he adopt the spirit of deprecation of the 
danger which is to be noted in California? 

Is it not better engineering to recognize 
the danger which is inherent in even 
minor quakes when they occur in a 
congested city, with a large foreign 
population which is easily made panic- 
stricken; and also to recognize the more 
serious dangers during severer quakes 
from falling copings, veneers, and cano- 
pies, and the dislocation of water mains 
in filled land? 

The report of a committee of engineers 
on the San Francisco quake assured us 
that well-constructed buildings of all 
classes withstood the earthquake well. 
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Flimsily constructed buildings on poor 
foundations suffered severely. The 
damage from the fire hazard was another 
matter and not strictly a question of the 
purely structural design of the building. 
The committee emphasized the value 
of an adequate structural framework 
with good joints. 

The engineer, as a good citizen, may 
well stand back of any movement tend- 
ing to educate the masses to take proper 
steps in times of earthquake emergency. 
Just what form such a movement should 
take requires very careful study, as the 
very thought of panic begets panic in 
the excitable mind.* 

Whether or not Boston*really has a 
serious earthquake hazard, local engineers 
may be sure that they are proceeding 
in the proper direction if they continue 
to insist on sound structural design. 
All engineers want buildings adequate 
for any reasonable loads. The continu- 
ation, on the part of the engineer in the 
office and field, of insistence on good 
design and workmanship will help in 
promoting the construction of buildings 
that may be safely expected to with- 
stand quakes of the maximum intensity 

~ that may occur locally. Records of local 
quakes do not warrant the expectancy 
of catastrophic earthquake disturbances, 
and in regions where they do occur, man 
cannot build practical structures strong 
enough to withstand them. 


Editor’s Note: Since this article was 
prepared, announcement has been made 
of the appoiniment of a special committee 
by the Boston Chamber of Commerce to 
consider questions involved in the earth- 
quake risk wn Boston. This committee 
proposes to ascertain the general situation 
in Boston, and to decide what facilities 
are at hand to meet such a catastrophe 
if it should occur. 
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Motor Vehicles on Massachu- 
setts’ Highways 


The use of the highways by motor 
vehicles from the inception of the auto- 
mobile up to the present time was de- 


le 


scribed in a most interesting manner by ~ 


Mr. Day Baker at a meeting of the High- 
way Section, B. S. C. E., on December 
3, 1925. Mr. Baker is legislative counsel 
for about every motor vehicle club or 
association in Massachusetts, and is 
probably one of the best posted men in 
the country on matters relating to 
legislation, regulation and taxation as 
they affect the owners of motor vehicles. 

He traced the phenomenal growth 
of the automobile industry from 1895, 
when there were only 4 motor vehicles 
constructed, to 1925, when there were 
approximately 18,500,oco passenger cars 
and 2,400,000 commercial motor vehicles 
in use in the United States. In 1924 the 
number of motor busses in this county 
was nearly 60,000, and it is now believed 
that the number totals about 93,600. 

Mr. Baker stated that of the 2,150,000 
miles of highways in the United States 
in 1904, only 153,000 miles (or 7 per 
cent) were surfaced, whereas about 
470,000 miles (or 16 per cent of the 
present 2,940,000 miles) are now sur- 
faced. 

The highway construction. program 
for 1924 was, roughly, $990,700,000, of 


which $444,000,000 (or 45 per cent) was - 


furnished by registration fees, Federal 
excise taxes, and gasoline taxes. 

In Massachusetts the motor vehicle 
owners are paying for practically all of 
the highway construction and mainte- 


nance done by the State Department of — 


Public Works. For the first ten months 
of 1925 the special motor vehicle taxes 


in this state netted $9,139,000, and by — 


the end of the year approximately 


* The Engineering-Economics Foundation has offered a series of lectures at Boston recently on the 
Earthquake Hazard. The work was divided into three groups — insurance, engineering and general _ 


business providing space, goods or public services. 
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$10,000,000 will have been received. 


‘In addition to this, motor vehicle fines 


amount to about half a million dollars 
per year. 

Mr. Baker made a strong plea for 
wider roads, stating the 18-foot paved 
roadway was insufficient for the present- 
day traffic on important routes. 

Another element that has entered into 
highway travel is the advent of the motor 
coach and bus. There are over 500 of 
these now in this state, operating on 
about 75 defined routes — some of these 
having been in regular operation for 
over ten years. Mr. Baker stated that 
constructive legislation is needed in 
Massachusetts, and that the present law 
is not satisfactory for the regulation of 
the motor busses. 


A. S. T. M. Standards 


During the past few months, the 
American Society for Testing Materials 
has issued two new publications. One is 
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a pamphlet of A. S. T. M. Standards 
adopted in 1925 (120 pages), containing 
36 revised or newly adopted standards. 
This pamphlet ($1.50) forms the first 
supplement to the 1924 issue of their 
Triennial Book of Standards. The 
other is the new edition of the A.S. T. M. 
Tentative Standards, issued annually. 
This volume (876 pages) contains the 
194 tentative standards issued by the 
Society. (The price is $7 in paper and 
$8 in cloth binding.) The term “tenta- 
tive standard” as distinguished from 
“standard” is’ applied to a proposed 
standard which is printed for one or 
more years with a view of eliciting 
criticism, of which the committee con- 
cerned will take due cognizance before 
recommending final action toward the 
adoption of such tentative standard by 
formal action of the Society. 

The above-mentioned publications, 
both of which are in the library of the 
Boston Society of Civil Engineers, may 
be purchased if desired from the Ameri- 
can Society for Testing Materials, 1315 
Spruce Street, Philadelphia, Pa. 


PROCEEDINGS OF THE SOCIETY 


MINUTES OF MEETINGS 
Boston SociETY OF CrIviL ENGINEERS 


NovemMBER 18, 1925. — A regular meet- 
ing of the Boston Society of Civil En- 
gineers was held this evening in Chipman 
Hall, Tremont Temple, and was called to 
order by the President, Richard K. Hale, 
at 7.30 P.M. There were about 200 mem- 
bers and guests present. 

The minutes of the previous meeting 
(October 21, 1925) were approved as 
printed in the November JOURNAL. 


The Secretary reported for the Board of 
Government the names of those elected 
to membership: 

Members: Edward S. Averell,* Ralph 
F. Macaulay,* George E. Miers. Juniors: 
Elwood S. Avery, Waldo B. Birkmaier, 
Maurice Bloom, Leonard M. Hodgkins, 
Oscar R. Lindgren, Edward D. Mc- 
Laughlin, George J. Rommer, Arlo R. 
Savery, George F. Schramm, Louis H. 
Smith, John F. Studley, Roland A. 
Warren. 

The President announced that a two- 
day meeting on ‘‘Fuel and Power” was to 
be held by the Affiliated Technical So- 


* Transferred from grade of Junior. 
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cieties of Boston on December 10 and 11, 
1925. In accordance with a recommen- 
dation of the Board of Government, it 
was voted that the December meeting be 
omitted on account of the ‘“‘Fuel and 
Power” meeting of the Affiliation. 

It was voted that By-Law No. 1 be 
amended to read as follows: 


“1. MereETINGS. — Regular meetings of 
the Society shall be held on the fourth 
Wednesday in January, and on the third 
Wednesday of the other months, except- 
ing July and August, unless otherwise 
authorized by the Board of Government.” 


(This amendment to the By-Laws is 
now in effect, as it had also received an 
affirmative vote at the meeting of the 
Society on October 21, 1925>) 


It was voted: ‘‘That the Board of 
Government be authorized to use the in- 
come from the Permanent Fund for the 
current year to such an extent as they 
deemed necessary in payment of the cur- 
rent expenses of the Society.” 


(This matter also received an affirmative 
vote at the meeting of the Society on 
October 21, 1925, and is now in effect.) 

The President then introduced Dr. 
Charles Terzaghi, Head of the Depart- 
ment of Civil Engineering, Robert College, 
Constantinople, and Special Lecturer in 

-Foundation Engineering at the Massa- 
chusetts Institute of Technology, who 
gave an illustrated talk on ‘‘ Modern Con- 
ceptions Concerning Foundation En- 
gineering.’’ Dr. Terzaghi has had an un- 
usually broad experience and he presented 
in a most interesting way the very latest 
developments in Foundation Engineering 
both here and abroad. At the conclusion 
of his address there was a general dis- 
cussion, in which Mr. Lazarus White and 
Mr. George Paaswell of New York, as 
well as a number of members of the Society, 
took part. 

The meeting adjourned at 9.15 P.M., 
after giving a rising vote of thanks to Dr. 
Terzaghi for his courtesy in presenting 
this interesting talk. 

J. B. Bascock, Secretary. 


DESIGNERS SECTION 


NOVEMBER 11, 1925.— The regular 
November meeting of the Designers Sec- 
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tion of the Boston Society of Civil En- 
gineers was called to order at 6.10 P.M. in 
the Affiliation Rooms. 

Due to absence of the clerk, the minutes 
of the October meeting were not read. 

Prof. Harry L. Bowman introduced the 
speakers of the evening Mr. C. R. Perry — 
and Mr. Kendall Woodrough of J. R. 
Worcester & Company, who gave an il- 
lustrated talk on ‘‘The Wells River and 
Woodsville Bridge.”’ 

There were 50 members and visitors 
present. The meeting adjourned at 7.20 


P.M. Scotr KertH, Clerk. 


APPLICATIONS FOR 
MEMBERSHIP 
[December 15, 1925.] 


The By-Laws provide that the Board 
of Government shall consider applications 
for membership with reference to the 
eligibility of each candidate for admission 
and shall determine the proper grade of 
membership to which he is entitled. 

The Board must depend largely upon 
the members of the Society for the infor- 
mation which will enable it to arrive at a 
just conclusion. Every member is there- 
fore urged to communicate promptly any 
facts in relation to the personal character 
or professional reputation and experience 
of the candidates which will assist the 
Board in its consideration. Communica- — 
tions relating to applicants are con- 
sidered by the Board as strictly con- 
fidential. 

The fact that applicants give the names 
of certain members as reference does not 
necessarily mean that such members en- 
dorse the candidate. 

The Board of Government will not 
consider applications until the expiration 
of twenty (20) days from the date given. 


For Admission 


CHERNESKY, ALPHONSE ALBERT, Lynn, — 
Mass. (Age 21, b. Haverhill, Mass.) A 
senior at Tufts College, in civil engineer- 
ing. Summer of 1925 worked in the 
Mass. Dept. of Public Works, Division of 
Highways. Refers to Robinson Abbott, 
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H. L. Bartlett, H. P. Burden, W. ‘lis 


* Downer, E. R. McCarthy, E. H. Wright. 


Cxiair, Mires Ne son, Boston, Mass. 
(Age 25, b. Lickdale, Pa.) Graduate of 
Drexel Institute, 1921, with degree B.S. in 
engineering, and 1922-23 at Mass. Inst. 
Tech., with degree S.M. in civil engineer- 
ing. Has had experience in charge of lay- 
out and estimates in plant construction; 
assistant field engineer in charge of lines, 
grades, etc.; as instructor at Drexel in 
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